The force applied during laryngoscopy can cause local tissue trauma and can induce cardiovascular responses and cervical spine movement in susceptible patients. Previous studies have identified numerous operator and patient factors that influence the amount of force applied during intubation. There are few studies evaluating the effect of different laryngoscope blades and no study involving video laryngoscopes. In this study we measured the forces using two laryngoscopic techniques. Three FlexiForce Sensors ® (A201-25, Tekscan, Boston, MA, USA) were attached to the concave blade surface of a Macintosh and a GlideScope ® laryngoscope. Experienced anaesthetists performed Macintosh and GlideScope intubations on the Laerdal ® Airway Management Trainer manikin. Compared to Macintosh intubations, the GlideScope intubations had equal or superior views of the glottis with 55%, 58% and 66% lower median peak, average and impulse forces applied to the tongue base. The distal sensor registered the most force in both devices and the force distribution pattern was similar between the devices. The findings suggest that the GlideScope requires less force for similar or better laryngoscopic views, at least in a manikin model.
The force applied to the tongue base and supraglottic tissues may be a significant contributor to the cardiovascular response associated with laryngoscopy 1 . The process of intubation can induce hypertension, dysrhythmias and increased intracranial pressure and may cause local tissue trauma [2] [3] [4] . The force applied to airway tissues during intubation is also secondarily transmitted to the cervical spine resulting in cranio-cervical extension 5, 6 . These effects may be particularly hazardous to patients with cardiac disease, cervical fractures, head injuries and pre-eclampsia, potentially leading to an increase in morbidity and mortality rates 7, 8 . Minimising the force applied during laryngoscopy and intubation may be beneficial in reducing the haemodynamic response, cervical spine movement and local tissue trauma associated with intubation.
Factors that influence the force applied during laryngoscopy have been identified by previous studies. These include the laryngoscopist's experience and technique, intubation difficulty, the application of manual in line stabilisation and patient factors such as weight, age, height and the length of maxillary incisors [9] [10] [11] [12] [13] . There is minimal research examining the applied force during intubation with different types of laryngoscope blades and no study comparing direct and video laryngoscopes.
The two laryngoscopes compared in this study are the Macintosh direct laryngoscope (MAC, Welch Allyn, Skaneateles Fall, NY, USA) and the GlideScope ® Cobalt video laryngoscope (GVL ® , Verathon, Bothell, WA, USA). The GVL has a 60° anterior curve with an embedded complementary metal oxide semiconductor video camera a short distance from its distal tip and has a disposable blade. This offers a retroglottic view that is displayed on a dedicated LCD monitor. As direct line of sight is not required to achieve intubation there is less displacement of the oropharyngeal soft tissues.
We hypothesised that the GVL would require the application of less force to the base of the tongue than the MAC, while still providing equivalent or improved laryngeal views and intubation success. or without a malleable metal introducer. Lubricated size 7 polyvinyl chloride ETTs were used.
Laryngoscopies were performed using a size 3 MAC laryngoscope and a GVL in a randomised sequence. The randomisation was computer-generated and revealed to the research staff and anaesthetist immediately prior to intubation. The study period began when the laryngoscope passed between the manikin's teeth and concluded when laryngoscope withdrawal commenced. Successful intubation was confirmed by observing the expansion of the manikin's lungs with a self-inflating bag.
Data analysis included noting the duration of the intubation attempt, peak and average forces and the impulse force, defined as the integral of the force over the time interval during which the force acts. The peak, average and impulse forces measured by the three sensors were summated and not individually analysed. The duration and forces were compared using Wilcoxon signed rank test. Analysis was twosided and a P value less than 0.05 was considered statistically significant. Results are presented as median (quartile 1, quartile 3). Statistical analysis was performed using Prism 5.0a (GraphPad Software, Inc., La Jolla, CA, USA).
RESULTS
All intubations were successful on the first attempt. The Cormack Lehane grade was the same or lower with the GVL. The GVL had a statistically significant lower peak, average and impulse force compared to the MAC.
MATERIALS AND METHODS
Ethics approval was waived by the Toronto Academic Health Sciences Network Research Ethics Committee (REB number 09-0474-AE). Written consent was not required from the participating 16 anaesthesia staff that included specialists, fellows and third and fifth year anaesthesia trainees with experience in using the GVL on more than 25 occasions.
The comparison between the GVL and MAC and the use of these force measurement sensors has not been undertaken previously. The size of any applied force difference between direct and video laryngoscopy is unknown so sample size calculations were not undertaken.
Force measurements were obtained with three FlexiForce Sensors ® (A201-25, Tekscan, Boston, MA, USA) attached along the distal concave surface of each laryngoscope blade. Three sensors were aligned to create a 'sensing strip' and domed plastic 'pucks' were glued to each sensor to provide the best transfer of the load applied to the manikin's oropharynx. The sensors were preconditioned and calibrated as per the manufacturer's instructions using four suspended weights and a leverage system that resulted in actual weights ranging from 213 to 1813 grams. Data was collected at intervals every 0.125 seconds using the Tekscan ELF™ (Tekscan Inc., South Boston, MA, USA) force measurement system.
The Laerdal ® Airway Management Trainer (Laerdal Medical Canada, Toronto, Canada) in its standard configurations, was positioned at bench height. Prior to commencing the intubation attempt for each laryngoscope, anaesthetists were given the opportunity to adjust the position of the manikin's head and to shape the endotracheal tube (ETT) with figure 1: Macintosh and GlideScope videolaryngoscope with three force sensors (without 'pucks') attached. During the study, plastic 'pucks' were glued to each sensor. Lower forces using the GVL were recorded for 12 of the 16 anaesthestists during intubation of the Laerdal manikin. Figures 3, 4 and 5 show the matched MAC and GVL impulse, peak and average forces for each of the 16 anaesthetists.
The distal sensor registered the most impulse force when the forces measured by each sensor location were individually calculated. The pattern of impulse force distribution was similar between the MAC and the GVL.
DISCUSSION
The median peak, average and impulse forces applied to the oropharyngeal soft tissues during GVL intubation were respectively 55%, 58% and 66% lower than during MAC intubation. Despite requiring a lower applied force, the GVL provided improved laryngeal exposure consistent with previously reported human studies 14 . Twelve of the 16 anaesthetists applied at least 50% less average and impulse force using the GVL compared to the MAC.
All laryngoscopists had performed at least 25 GVL intubations, but all had more experience with MAC. Results are displayed as median (Q1, Q3). N sec=Newton seconds, N=Newton.
figure 3: Impulse force applied by each anaesthetist using the Macintosh (MAC) and GlideScope videolaryngoscope (GVL). The line segments connect the forces measured by the same anaesthetist while using the MAC and GVL. N sec=Newton seconds. We found a large variability in the force applied by different anaesthetists especially during MAC laryngoscopy, despite all operators intubating the identical manikin. Several studies have also found a large variability between experienced operators in the forces applied during direct laryngoscopy of the same patient or manikin 9,10,12 . It is commonly believed that the force applied by laryngoscopists decreases as their technique improves with experience. If applied force is a measure of intubation technique and skill, the large variability found in this study suggests that laryngoscopy skills vary significantly between experienced laryngoscopists. Alternatively, applied force may not be useful in the assessment of laryngoscopist skills. Studies agree that novices take longer to intubate but there is conflicting evidence that the applied force reduces with experience 9,10,12,15,16 .
Our sample size was inadequate to explore the reasons for the large variability during MAC laryngoscopy. Examining and addressing the reasons for the large variability between operators may be just as or more important than which laryngoscope device is used. The reduction in applied force by laryngoscopists when using the GVL appears substantial, but it is unclear if this is clinically significant. There are no studies or recommendations as to what constitutes a safe and unsafe level of applied force during laryngoscopy. There is also minimal information to determine if peak force, impulse force or intubation duration is the most relevant parameter influencing the haemodynamic response and cervical spine movement during laryngoscopy. Hassan et al 4 found the impulse force was significantly related to cardiovascular changes while Bucx et al 17 found only a weak relationship. It is likely that a combination of both the duration and the magnitude of the applied force are clinically important. Any reduction in the intubation duration and the force applied that does not reduce intubation success rates may be beneficial to patients.
In 1996, Hastings et al compared the two most commonly used laryngoscopes at the time and found a 30% reduction in the force applied during laryngoscopy using the Miller laryngoscope compared to the Macintosh laryngoscope 12 . Only one operator in the Hastings et al study had a greater than 50% reduction in applied force using the Miller laryngoscope. Our study found that anaesthetists who applied high impulse and average forces using the MAC all used considerably less force when using the GVL, some reducing the applied force by over 90% (Figures 3 and 5 ). This suggests that the GVL may be most beneficial for anaesthetists who use high MAC intubation forces.
When the forces measured by each sensor location were individually calculated, the impulse force distribution was similar between the MAC and GVL. The distal sensor registered approximately 60% of the impulse force in both devices, despite head position, blade shape and insertion technique differences for the two laryngoscopes. In patients, an evenly distributed force might lower the likelihood of local tissue trauma, cervical spine movement and haemodynamic disturbance, even if the total force was similar or higher. There appears little benefit of either device in providing even force distribution to the soft tissues.
Disposable blades have been shown to result in higher peak forces compared to metal blades during Macintosh direct laryngoscopy 18 . We did not examine the differences between the disposable and reusable GVL blades, but the disposable blade of the GVL did not appear to hinder the laryngoscopist's ability to reduce applied forces while performing successful GVL intubations.
All laryngoscopists elected to intubate the manikin in a sniffing position during MAC laryngoscopy and in a neutral head position during the GVL laryngoscopy. Santoni et al showed a doubling of the direct laryngoscopy pressure during manual inline stabilisation 13 . If this technique was performed during our study we would expect to find a similar applied force during GVL intubation and increased applied force during MAC intubation based on the findings of Santoni et al. While we did not study the effect of manual in-line stabilisation, our results of reduced applied force during GVL intubation may be magnified with a manual in-line scenario.
Previous studies examining the intubation applied forces have used strain gauges or transducers placed within the laryngoscope handle, but these techniques are not easily applied to the GVL 4, 9, 10, [17] [18] [19] [20] . Some of the studies employed two transducers to measure axial and torque forces. Our study measured the applied force using sensors attached directly to the laryngoscope blade. We used the same sensor technology previously used to evaluate the force applied to the maxillary incisors during intubation 15 . Our force sensors were modified with small plastic 'pucks' to facilitate the measurement of the force over the entire sensor surface rather than the point of maximal contact. These modifications were performed and validated in collaboration with the manufacturer. The number of sensors and their location were based on initial manikin trials during the development of the study. The sensors covered nearly the entire portion of the laryngoscope blades in contact with the oropharynx but they do not measure the total force applied. While other forces including rotational force are applied during intubation, our sensors were positioned to measure the most relevant forces, which are those parallel to the axis of the handle.
There are several limitations to our study. As there were no previous studies examining the forces applied during videolaryngoscopy, no power or sample size calculations were undertaken. This study was exploratory to assess the magnitude of any difference between the devices.
Manikins were employed primarily for two reasons: first, manikins allowed us to refine the methodology and safety in preparation for studies in humans; second, we believed that a given manikin would represent a consistent airway allowing us to draw comparisons between devices with smaller numbers. We chose the Laerdal Airway Management Trainer manikin as studies have rated it as the preferred manikin with the highest simulation of human characteristics when compared to other available manikins 21, 22 . Bishop et al found that the mean force applied by experienced laryngoscopists during direct laryngoscopy and intubation of the Laerdal manikin and patients were similar 10 .
In summary, our study showed that the force applied by experienced laryngoscopists to the tongue base during intubation of a Laerdal Airway Management Trainer manikin is significantly less with the GVL compared with the MAC laryngoscope. While the applicability of this finding to humans is unclear, the findings are encouraging and warrant further investigation in clinical studies.
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